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Site-Specific Excited-State Solute-Solvent Interactions Probed
by Femtosecond Vibrational Spectroscopy
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Solute-solvent interactions in liquids are studied by femtosecond vibrational spectroscopy. Upon
electronic excitation, the O stretching band of an organic probe molecule, a coumarin dye, dissolved
in CHCl; shows a strong blueshift on a 200 fs time scale. This demonstrates for the first time the
cleavage of a site-specific intermolecular hydrogen bond with a polar solvent. After this fast process, the
picosecond reorganization of the solvent due to dielectric relaxation is directly monitored via changes
of the G=0 vibrational frequency. [S0031-9007(98)07298-6]

PACS numbers: 78.30.Cp, 31.70.Hq, 78.47.+p

Solute-solvent interactions play a fundamental role forwvibrational and librational motions have been studied by
molecular nonequilibrium processes in liquids. They gov-ifth-order Raman spectroscopy [7] and by visible pump,
ern the ultrafast optical dynamics of vibronic excita- terahertz probe spectroscopy [8].
tions and many chemical reactions. Optical dephasing Intermolecular hydrogen bonding between solute and
and solvation dynamics have been studied via the transolvent represents an important type of local interaction
sient Stokes shift of fluorescence from probe moleculesnechanisms that are expected to occur in many polar pro-
[1] and by coherent techniques [2]. In many cases, soltic solvents and to strongly influence dephasing and sol-
vation dynamics consist of ultrafast (100-200 fs) andvation on ultrafast time scales. Until now, the role of
slower picosecond components which have been analyzéd/drogen bonds has barely been characterized both by
in molecular dynamics simulations. The degree and time¢heory and experiment. Here, femtosecond vibrational
scales of solvation depend not only on the solvent buspectroscopy which has been used to monitor chemical re-
also strongly on specific solute properties such as sizgctions [9] should provide information on local structures.
polarizability, charge distribution in the ground and ex-In this Letter, we introduce femtosecond vibrational spec-
cited states, as well as solute motion [3,4]. troscopy of the solute as a sensitive probe to the dynamics

Most of the experimental techniques applied so farf site-specific hydrogen bonding. The dynamics of hy-
give limited information on local solute-solvent geome-drogen bonds between solute and solvent are studied by
tries and—thus—provide only limited insight into the electronically exciting the solute and probing stretching
microscopic mechanisms. This is due to the fact that suchibrations of characteristic functional groups with fem-
experiments are sensitive only to an ensemble-averagedsecond time resolution. We demonstrate for the first
two-point time-correlation function for liquid motions. In time that the €O group of coumarin chromophores [10]
time-resolved emission measurements one observes the a polar hydrogen donating environment is part of a
correlation functionS(r) of solvation dynamics [5], hydrogen bond which breaks after electronic excitation

wer(t) — we() wi;hin a 200 fs time scale, followed by picosecond re-
S(r) = —= = (1) orientation dynamics of the solvent shell.
wel(0) = we () In our experiments we study coumarin 102 (C102)
where w(t) is the electronic transition frequency be- dissolved in nonpolar £Cl, and in polar CHG. The
tween the ground and excited-state charge distributionglectronic absorption and emission spectra (Fig. 1) are
Within the linear response approximatisty) is identical  different for the two solvents, indicating strong changes of

to the normalized correlation functiafi(z), solute-solvent interactions in going from©l, to CHCh
S [5]. Vibrational spectra of C102_|n t_he electronic ground

C(t) = <8w;(t) (C)OZI(O», (2) state are shown in Fig. 2 (solid lines). In,@, the

e —O stretching band o occurs aro cm i,

(0wer(0)) C—O stretching band of C102 U5 cm-!

where (X) denotes an ensemble average of the quantitgharacteristic of a free-€0O group. The small splitting

X; dw. denotes a fluctuation in the energy differenceof this band has been assigned to a Fermi resonance [11].
Swe = we; — {we1). The correlation functio(z) also  In contrast, the &0 band of C102 in CHGlis strongly
determines the dynamics observed in various coheremtownshifted to1700 cm™!, indicating a strong hydrogen
four-wave mixing experiments.C(¢) lacks information bond between solute and solvent with a binding energy of
on nuclear coordinates, spatial dependencies, and specifie 15 kJmol ! [12].

local solute-solvent interactions [6]. Thus, new experi- In the femtosecond pump-probe measurements C102 is
mental methods are required to get better insight into thexcited to theS, state by a 100 fs pulse at a wavelength
microscopic molecular motions. Recently, low-frequencyA., = 395 and A.x = 405 nm for C102 in GCls; and

3010 0031-900798/81(14)/3010(4)$15.00 © 1998 The American Physical Society



VOLUME 81, NUMBER 14 PHYSICAL REVIEW LETTERS 5 @TOBER 1998

of the sample before and after electronic excitation,
respectively. Aso(») and Ag(v) represent the infrared
absorbance in theS, and S; state, respectively. For
the nonpolar solvent £Cls, AA(v) [Fig. 2(b)] shows a
strong bleaching at the positions of the=©® stretching
band and of the ring mode 4610 cm™!. The circles in
Fig. 2(a) give the transient spectruay;(») of excited
molecules derived from the measured quantitlet(v),
Aso(v), and . Agi(v) demonstrates a decrease of the
vibrational transition moments without significant spectral
. . , botany () shifts. For the polar solvent CHECI[Figs. 2(c) and
400 500 2(d)] the ring mode also exhibits a transient bleaching.
More importantly, we observe a strong bleaching of the
ground-state €=0 stretching band and the appearance of
FIG. 1. Electronic absorption and emission spectra of C102 ira new band up-shifted t6746 cm™! in the excited state.
C,Clq (solid lines) and CHGl(dots). Inset: Molecular structure This =0 band is located at about the same spectral
of coumarin 102 (C102). i ; .
position as that in &l,, where a free €O group exists,
indicating a much weaker hydrogen bonding interaction
CHCL, respectively. The change of the vibrational spectrabetween the €0 group and CHGL
upon electronic excitation is probed by 130 fs pulses tun- In Fig. 3, we present time-resolved data for different
able in the midinfrared from 1500 8780 cm™! (Apbe =  SPectral positions of the probe pulses. At the maximum
5.7t0 6.7 wm). Pump and probe pulses are derived fromof the ground-state €O stretching band in the two sol-
an amplified Ti:sapphire laser system by frequency douvents [Figs. 3(a) and 3(b)] and of th&10 cm™~! mode
bling and a parametric infrared generation [13], respec{not shown), one finds a bleaching of the initial absorption
tively. Pump and probe pulses are focused 206 um  Which rises at negative delay times, reaches a maximum
thick jet of a 0.005 M solution of C102. From the en- value around 0.5 ps, and decays very slowly on a time
ergy absorbed per excitation pulse, the excited volume angcale of hundreds of picoseconds, the excited state life-
concentration of the sample, we estimate that a fraction
n = 0.30 = 0.05 of the C102 molecules are excited to
the S, state [14]. The time resolution of the experiment is 0 posagsasese o
200 fs.
In Fig. 2, we present transient infrared spectra of C102
recorded 10 ps after electronic excitation. In Figs. 2(b)
and 2(d), we plot the change of absorbanka(y) =

—log{[T(v) — To(»)]/To(v)} = —nAso(v) + nAs1(¥),

Absorption (norm.)
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FIG. 2. Ground-state infrared spectruAyy(») (solid lines, FIG. 3. Spectrally and temporally resolved absorbance
right ordinate scales) and excited-state spectdypn») (circles, changes of C102 in (a) L£l, and (b), (c), and (d) CHGI

left ordinate scales) of C102 in (a),Cl, and (c) CHC). The  after electronic excitation (solid circles). The spike near zero
excited-state spectra are derived from the change of infraredelay is due to a coherence effect. The open circles represent
absorbanceAA(r) in (b) and (d) which was measured at a the cross correlation of pump and probe. Note the different
delay time of 10 ps. abscissa scales of (c) and (d).
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time of C102 (solid circles). The open circles in Fig. 3(a)vent affecting the vibrational bands of specific functional
represent the time-integrated cross correlation function ofroups of the solute; (iii) a reorientation of the solvent
pump and probe derived from the infrared absorption of ahell in polar surroundings. Our experiments give—for
photogenerated electron-hole plasma in silicon. The solthe first time—specific insight into all three effects. In
ute signals at negative delay times, i.e., when the probthe nonpolar solvent {Cl,, the solute-solvent interaction
pulse interacts with the sample before the pump, are duis weak, and changes of the vibrational spectra are domi-
to the perturbed free induction decay of the infrared ponated by the intramolecular charge redistribution. In this
larization created resonantly on the vibrational transitiorcase, the infrared spectra in thestate show a substantial
[15]. The transients in Figs. 3(c) and 3(d) were measureihstantaneous decrease of vibrational oscillator strength
with C102 in CHC}. At 1720 cm™!, one probes both the and—if at all—frequency shifts which are much less than
bleaching of the ground-state=80 band and the absorp- the vibrational linewidths of the ring mode &10 cm™!

tion increase due to the excited-state=O band. The andthe GO mode atl735 cm™!. For C102 in the polar
overall signal shows a bleaching with an initial appear-solvent CHCY, the ring mode shows a similar behavior.
ance within 200 fs, followed by a slower component withWe conclude that the changes of vibrational force con-
a time constant 02.5 = 0.3 ps [16]. The absorption in- stants by charge redistribution are very small. In contrast,
crease at760 cm™! [Fig. 3(d)] exhibits a similar fast rise, the solute-solvent interaction is strong in the polar CHCI
followed by the slower component. Measurements at difHere, the &0 mode of C102 exhibits a rapid change of
ferent spectral positions indicate that the slower kineticgorce constant within 200 fs. The vibrational frequency
reflect a blueshift of the €O stretching band in the ex- increases by8 cm™! in the S; state and is characteris-
cited state byA# = 7 cm™!'. This is evident from Fig. 4, tic of a free G=O group. This demonstrates a cleavage
where the measured first moment of the new vibrationabf the hydrogen bond between the=<D group and the
band,M(7) = Ab (t) = [#F(r,7)dP, F(r,7): time-  solvent, i.e., a pronounced change of the site-specific
dependent €0 band inSy, is plotted versus delay time solute-solvent interaction. The time scale of cleavage is
7. M(7) is equal to the time-dependent vibrational fre-determined by low-frequency motions of the hydrogen
quency shiftA o, (¢) after excitation. bonded groups in the 100 290 cm™! range.

We now consider the microscopic mechanisms respon- This qualitative argument is supported by semiempiri-
sible for the transient changes of the infrared spectracal calculations of electronic charge distributions in $he
Excitation to theS; state results in a redistribution of andS; states of C102. The calculations show that upon
electronic charge in the solute occurring within the timeexcitation the €&=0 moiety becomes slightly less polar
resolution of our experiments. The charge redistributiorand the negative charge on the O atom decreases, simi-
has the following effects: (i) A change of the—in gen- lar to other coumarin dyes [3]. This leads to a decrease
eral anharmonic—potential energy surfaces of the normah affinity for hydrogen bonding between the carbonyl
modes and infrared dipole moments of the solute, i.e., vioxygen atom of C102 and the solvent upon electronic
brational oscillator strengths may change; (ii) changes irexcitation.
the site-specific interaction between the solute and the sol- We now discuss the small additional shift of the

C=0 band of7 cm~! that occurs on a time scale of
2.5 ps in CHCJ. These dynamics take place after the
1.0 fast disappearance of the hydrogen bond and reflect the
reorientation of the solvent shell. It has been shown that
solvent shifts of vibrational frequencies can be modeled
fairly well using Onsager’s approach of a point dipole
to represent the probe molecule embedded in a spherical
cavity surrounded by a continuous solvent medium with
a macroscopic dielectric constant [17]. In this model, it
is possible to derive the equivalent of the van der Zwan—
Hynes relation for the time-resolved vibrational frequency
shift after electronic excitation. We implement a time-
dependent reaction field induced by a point dipole altered
by electronic excitation [18] into the potential function
. . . . for the molecular vibration coupled to the molecular
0 2 4 6 8 10 dipole moment. We then follow Pullin’s derivation for
Time (ps) the solvent induced vibrational frequency shiktyg,
[17] and straightforwardly calculate the time-dependent

FIG. 4. Long time behavior of the normalized first order i i i
moment M (¢) of the transient &0 band as a function of solvent induced vibrational frequency shii(),
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pulse delay (circles).M(r) and the vibrational frequency shift Adrgoi(£) — Adrgy (o)
Q(t) reflect the time evolution of the dielectric friction function. O@) = — — =1-2z(@1). 3)
Solid line: Exponential decay &5 + 0.3 ps. A751(0) — APso1()
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where the solvation coordinate(r) is defined by [1] R.M. Stratt and M. Maroncelli, J. Phys. Chem00Q
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